1. Introduction {#sec1}
===============

Alterations in the physiological environment cause changes in the structure of oligosaccharides.^[@ref1],[@ref2]^ Unlike protein sequences, which are primary gene products, N-glycan chain structures are not directly encoded in the genome. N-Glycans are synthesized in many different combinations by a variety of competing and sequentially acting glycosidases and glycosyltransferases without the use of a template. Small alterations in the environment can cause dramatic changes in the glycans produced by a particular cell; therefore, N-glycosylation could reflect the cell status. A spatial and temporal alteration in glycan expression implies that glycan structures are directly correlated with many physiological and pathological processes.^[@ref3]−[@ref6]^

Aging is a common physiological phenomenon occurring in any individual, and age-related changes in N-glycans during aging can often be observed as terminal monosaccharide modifications (*i.e.*, galactosylation, fucosylation, and sialylation).^[@ref7]−[@ref13]^

Sialylation alters with development, growth, aging, and senescence. Altered sialylation in aged cells was initially reported in human and rat erythrocytes.^[@ref7],[@ref10]^ The total sialic acid content of senescent red blood cells was 10--15% lower than that in younger red blood cells. The decreased sialic acid content from aging red blood cells is involved in the removal of senescent red blood cells during the blood circulation.^[@ref9]^ On the other hand, it has been reported that the predominant linkage types of sialic acids change with aging. Tadokoro et al. reported that the α-2,6 sialylation of cell surface N-glycans on human diploid fibroblastic cells decreased markedly in aged cells when compared to young cells.^[@ref12]^ Thus, the age-related changes in the terminal modification of N-glycans reflect the physiological status of cells, tissues, and bodies.

Sialic acids are commonly present in the outermost parts of complex-type N-glycans and mucin-type O-glycans in glycoproteins and glycolipids and play important roles in various biological events including fertilization, differentiation, tumor metastasis, virus infections, and modulation of intrinsic functions of glycoproteins (*e.g*., hormones and antibodies).^[@ref14]−[@ref16]^ O-Acetylations of sialic acids are also observed during tissue-specific and developmentally regulated expressions.^[@ref17],[@ref18]^ In addition, sialic acids are often O-substituted with acetyl or sulfate groups at their 4-, 7-, 8-, and 9-positions, whereas the amino group at the 5-position is substituted with an N-acetyl or N-glycolyl group. For example, O-acetylation of sialic acids in erythrocytes blocks the binding of the influenza viruses A and B, while it is essential for influenza C binding.^[@ref19],[@ref20]^ The amount of 9-O-acetylated GD3 ganglioside gradually increases during the development of the mouse retina.^[@ref21]^ Furthermore, transgenic mice expressing 9-*O*-acetyl sialic acid esterase in the retina and adrenal gland shows abnormal development of both organs.^[@ref22]^ Thus, O-acetylated sialic acids are involved in a variety of biological recognition phenomena.^[@ref17],[@ref23]^ However, the relationship between aging and the occurrence of O-acetylated sialic acids is not well-known.

In this study, we performed a comprehensive analysis of N-glycans in serum samples of male Wistar rats of different ages. N-Glycans released from whole serum glycoproteins were analyzed by capillary electrophoresis (CE) after labeling them with fluorescent 2-aminobenzoic acid (2AA). The present method offered sufficient resolution to assess the degree of O-acetylation of N-glycans and allowed for the determination of age-related changes in the O-acetylation of sialic acids on N-glycans. Furthermore, we investigated the influence of a high-fat (HF) diet and food restriction (FR) on age-related changes in serum glycoproteins. We found that the increase in the O-acetylation of sialic acids on N-glycans of serum glycoproteins is closely correlated with aging, and the amount of 9-O-acetylated NeuAc (Neu5,9Ac~2~)-carrying N-glycans gradually increased with aging. HF diet significantly decreased the O-acetylation of sialic acids on N-glycans. In contrast, FR facilitated O-acetylation during aging. From the results obtained in this study, we suggest that the O-acetylation of sialic acids reflects the physiological status of N-glycan-producing cells and is mainly controlled by the basal metabolic rate or intake of essential nutrients.

2. Results {#sec2}
==========

2.1. Analysis of Total N-Glycans Derived from Male Wistar Rat Serum by CE {#sec2.1}
-------------------------------------------------------------------------

2AA-labeled N-glycans derived from the whole serum glycoprotein pool of male Wistar rats at 3 weeks of age were analyzed by CE ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Analysis of total N-glycans derived from male Wistar rat serum by CE. (a) Total N-glycans, (b) α-[l]{.smallcaps}-fucosidase-treated total N-glycans, and (c) α2-3,4,6,8,9-sialidase-treated total N-glycans. 0S,1S, 2S, 3S, and 4S indicate asialo-,monosialo-,disialo-,trisialo-, and tetrasialo-N-glycans, respectively, and 0Sf, 1Sf, 2Sf, 3Sf, and 4Sf indicate the presence of fucose residues. The monosaccharide compositions and tentative N-glycan structures in this region are summarized in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Table S1 and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. 0S~a~/0S~b~ indicate isomers of asialo-biantennary N-glycans (0S8), and 0S~c~/0S~d~ indicate isomers of fucosylated asialo-biantennary N-glycans (0S8f).](ao0c00935_0001){#fig1}

The derived N-glycans were separated into eight groups based on the number of sialic acids and the presence or absence of fucose (Fuc) residues ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). For example, the N-glycans containing two sialic acid residues were designated as "2S", in which the first numeral indicates the number of bound sialic acids. In addition, "f" indicates the presence of fucose residues. The groups 4Sf, 3Sf, and 2Sf disappeared by digestion with α-[l]{.smallcaps}-fucosidase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), but the migration times of peaks between 11 and 25 min were mostly not changed compared with those of 4Sf, 3Sf, and 2Sf groups. In addition, all sialo-N-glycans completely disappeared on digestion with α2-3,6,8,9 sialidase, and four major peaks corresponding to asialo N-glycans (0S~a~, 0S~b~, 0S~c~, and 0S~d~) were observed between 21 and 25 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). These results indicate that the groups observed between 8 and 15 min contain sialo N-glycans, and the three peak groups 4Sf, 3Sf, and 2Sf contain N-glycans with fucose residues. To assign peaks observed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, we separated the mixture of the N-glycans based on the number of the bound sialic acid residues. The results of the group separation of N-glycans are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Table S1, and Figure S1).

![Serotonin-affinity chromatography of total N-glycans derived from male Wistar rat serum. 0S, 1S, 2S, 3S, and 4S mean asialo-, monosialo-, disialo-, trisialo-, and tetrasialo-N-glycans, respectively. The monosaccharide compositions of N-glycans observed in each fraction and their MS spectra and are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Table S1 and Figure S1. Symbols: gray diamond, 5-*N*-acetyl-neuraminic acid (Neu5Ac); light gray diamond, 9-*O*-acetyl-5-*N*-acetyl-neuraminic acid (Neu5,9Ac); gray circle, mannose (Man); black square, *N*-acetyl-glucosamine (GlcNAc); light gray circle, galactose (Gal); black triangle, fucose (Fuc); 2AA, 2-aminobenzoic acid.](ao0c00935_0002){#fig2}

Asialo- and high-mannose N-glycans were not retarded and observed between 4.0 and 5.0 min. Mono-, di-, tri-, and tetrasialo-N-glycans were observed in the order of the number of sialic acid residues. The asialo- and high-mannose fraction (0S) contained five high-mannose-type N-glycans (0S1-5) and six complex-type N-glycans (0S6-8, 0S6f, 0S7f, and 0S8f). These N-glycans were observed between 17 and 24 min on the electropherogram ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S2). Minor peaks observed between 17 and 21 min that disappeared on digestion with jack bean α-mannosidase, and a new single peak, which corresponds to Manβ1-4GlcNAcβ1-4GlcNAc-2AA, was observed at 16.5 min ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S3). These results indicate that these minor peaks correspond to high-mannose-type N-glycans (0S1-5).

The monosialo-fraction (1S) contained eight biantennary (1S1-4, 1S1f, 1S2f, 1S3f, and 1S4f) and two triantennary N-glycans (1S5 and 1S5f). Monosialo-glycan 1S3 (*m*/*z* 2052) was abundantly present, and its composition was determined to be Neu5Ac~1~Gal~2~Man~3~GlcNAc~4~-2AA. The molecular ion at *m*/*z* 2094 (1S4) was 42 mass units (corresponding to one acetyl group) higher than that of 1S3 and tentatively assigned to a monosialo-glycan with one O-acetylated Neu5Ac (Neu5,9Ac). N-glycans in the monosialo-fraction (1S) were observed as group g between 12 and 15 min in the electropherogram.

The most abundant disialo-fraction (2S) contained three disialo-biantennary and three fucosylated disialo-biantennary-N-glycans. The molecular ions at *m*/*z* 2343.22 (2S1) and 2489.00 (2S1f) corresponded to glycans with the composition of Neu5Ac~2~Gal~2~Man~3~GlcNAc~4~-2AA and Neu5Ac~2~Gal~2~Man~3~GlcNAc~4~Fuc~1~-2AA, respectively. The other four N-glycans were presumed to be disialo biantennary glycans modified with O-acetylated Neu5Ac because the *m*/*z* values of the molecular ions were 42 or 84 mass units (corresponding to 1--2 acetyl groups) higher than those of 2S1 or 2S1f. Disialo-glycans (2S) were observed between 10 and 12 min in the electropherogram. Although the groups 2S and 2Sf were composed of several peaks, it was considered that these peaks are because of the difference in the number of O-acetylated Neu5Ac residues.

The trisialo-fraction (3S) contained eight trisialo-biantennary and four trisialo-triantennary-N-glycans. The trisialo-glycans were observed between 9 and 10.5 min in the electropherogram. Two N-glycans (3S1 and 3Sf1) were abundantly present in this fraction, and the other six N-glycans were presumed to be trisialo-biantennary glycans having one or more O-acetylated Neu5Ac residues. The tetrasialo-fraction (4S) contained five tetrasialo-biantennary and three fucosylated tetrasialo-triantennary-N-glycans. The tetrasialo-glycans were observed between 8 and 9 min in the electropherogram. These characteristic tri- (3S1-4, 3S1f, 3S2f, 3S3f, and 3S4f) and tetrasialo-biantennary-glycans (4S1-5) have been reported to be present on the rat serum α~1~-acid glycoprotein and on bovine, pig, lamb, horse, and goat serum glycoproteins. It was suggested that two sialic acid residues were attached to the galactose and GlcNAc residues on the nonreducing terminal lactosamine unit (Gal-GlcNAc-R).^[@ref24],[@ref25]^

In summary, we found 47 N-glycans in male Wistar rat serum because the present method could be implemented without any loss of sialic acids through the experimental approach. However, the peak resolution was incomplete owing to the presence of O-acetylated Neu5Ac residues. The disialo fraction was further separated using an ODS column as the stationary phase.

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the disialo-biantennary glycans (2S fraction) fractionated by serotonin affinity chromatography were fractionated into three peaks by serotonin affinity chromatography. The most abundant peak A contained molecular ions at *m*/*z* 2343.35 and 2490.14 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S4). Peaks a1 and a2 corresponded to 2S1 and 2S1f, respectively. Peak B contained two disialo-biantennary glycans with one O-acetylated Neu5Ac residue (2S2 and 2S2f), which were assigned as peak b1 and b2. The later eluted peak C corresponded to a disialo-biantennary glycan (2S3) and fucosylated disialo-biantennary glycan (2S3f). These disialo-N-glycans with two O-acetylated Neu5Ac were consistent with peaks c1 and c2. In the disialo fraction, monofucosylated disialo-biantennary glycans were consistent with the peaks a2, b2, and c2 as these peaks disappeared after digestion with α-[l]{.smallcaps}-fucosidase. From these results, it was found that the migration order of sialo-glycans depends on the number of O-acetylated Neu5Ac residues.

![Separation of disialo-biantennary glycans using an ODS column (a) and determination of the migration order of disialo-biantennary glycans (b). MS spectra of each fraction are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S1. Analytical conditions (b): all conditions are the same as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Peak 2S1, 2S2, and 2S3 correspond to disialo-biantennary N-glycans having 0, 1, and 2 O-acetylated Neu5Ac, respectively. Peaks 2S1f, 2S2f, and 2S3f correspond to fucosylated N-glycans of 2S1, 2S2, and 2S3, respectively.](ao0c00935_0003){#fig3}

After sialidase digestion, four major peaks (0S~a~, 0S~b~, 0S~c~, and 0S~d~) and some shoulder peaks were observed between 21 and 25 min. Among the four major peaks ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), peaks 0S~c~ and 0S~d~ disappeared after digestion with α-[l]{.smallcaps}-fucosidase ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S5). However, α(1-3,4) fucosidase did not act on these glycans. The most abundant peak 0S~b~ was assigned to an asialo-biantennary glycan, showing the same migration time as 0S8. When a mixture of asialo-N-glycans was digested with β1-3 galactosidase, the migration times of 0S~b~ and 0S~d~ did not change, whereas those of 0S~a~ and 0S~c~ shifted to earlier migration times ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S6). These results indicate that 0S~b~ and 0S~d~ were asialo-N-glycans containing only type-II LacNAc units (Galβ1-4GlcNAc) at their nonreducing terminals. Observed peak fronting was due to the presence of a type-I LacNAc unit (Galβ1-3GlcNAc) at the nonreducing terminals of N-glycans. Although further studies are needed to determine the structures of these N-glycans, 0S~a~ and 0S~c~ were tentatively assigned to N-glycans having one or two type-I LacNAc units (Galβ1-3GlcNAc) at their nonreducing terminals of N-glycans.

N-Glycans with O-acetylated Neu5Ac residues were abundantly observed in male Wistar rat serum. The N-glycans on glycoproteins prepared from Wistar rat serum are quite complex even after the removal of sialyl residues. Although the applied analytical CE analytical technique was not sufficient to separate all N-glycan species, the approach can still be used as a comprehensive semiquantitative analysis for age-related changes in the O-acetylation of sialic acids bound to N-glycans. Based on the above-described structural information on serum N-glycans, we studied the relationship between the O-acetylation of sialic acids and aging and also investigated the effect of dietary intake on the O-acetylation process.

2.2. Alteration of the Amount of N-Glycans during Aging {#sec2.2}
-------------------------------------------------------

First, we compared the mean total amounts of N-glycans in serum samples of three male Wistar rats of different ages (3--15 weeks) from the total fluorescence intensities of labeled N-glycans. For quantitative analysis, the 2AA-labeled N-glycan mixture containing internal standard (IS) was analyzed using a long capillary, and the peak areas corresponding to the N-glycans were corrected by the peak area of IS. The corrected peak areas were then applied to the calibration curve obtained from IS solutions, and the amounts of individual serum N-glycans were calculated. In this study, the amount of N-glycans in a single rat was calculated as the mean of triplicate measurements, and the amount of N-glycans at each age was calculated as the mean of three independent rats. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the total amount of N-glycans increased from 12.2 ± 2.0 to 22.8 ± 2.1 nmol/mL serum during aging and markedly increased from 5 to 7 weeks.

![Alteration of amount of N-glycans during aging. It shows the relationship between age and amount (nmol) of glycans in 1 mL of serum. The contents of (a) total N-glycans, (b) tetrasialo-glycans, (c) trisialo-glycans, (d) disialo-glycans, (e) monosialo-glycans, and (f) asialo-glycans were calculated from the relative peak area to peak area of IS. All data represent the mean ± SD relative abundances of different types of N-glycans to total N-glycans (*n* = 3 independent experiments performed in triplicates).](ao0c00935_0004){#fig4}

The amounts of the tetrasialo-glycans 4S and 4Sf were 0.365--0.399 and 0.129--0.135 nmol/mL, respectively, and thus, the content of 4S was *ca*. approximately 2.5-fold higher than that of 4Sf at all ages ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The amounts of these tetrasialo-glycans changed slightly with aging, but the changes were not statistically significant ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The trisialo-glycans 3S and 3Sf were present at approximately 5-fold higher concentrations than the corresponding tetrasialo-glycans, but age-related changes in the trisialo-glycans were not observed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The concentration of the most abundant disialo-glycans 2S and 2Sf at 3 weeks of age were 5.59 and 2.27 nmol/mL, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The disialo-glycans markedly increased with aging, and the amounts of 2S and 2Sf reached 13.00 and 4.13 nmol/mL, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The change in the level of disialo-glycans showed a trend similar to that of total N-glycans during aging. The increased amount of disialo-glycans (9.27 nmol sum of 2S and 2Sf) in 1 mL of serum was similar to that of the total N-glycans (10.20 nmol). These observations indicate that the age-related increase in the amount of total N-glycans was due to the increase in disialo-glycans. The amounts of monosialo- and asialo-/high-mannose glycans did also gradually increase with aging, but the changes were not significant ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f).

The structures of the disialo-glycans were very complex, and this complexity originated from the O-acetylation of Neu5Ac residues at their nonreducing termini. In the present study, we focused on age-related changes in the O-acetylation of disialo-glycans because they were the most abundant sialo N-glycans in rat serum. To improve the resolution of disialo-glycans, we used a longer capillary for the evaluation of the changes in the O-acetylation of Neu5Ac residues. The results are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Changes in disialo-biantennary-glycan profiles with aging. (a) Electropherograms of disialo-biantennary-glycans in serum N-glycans prepared from male Wistar rats fed with SD. Analytical conditions were the same as described in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} except for when a longer capillary was used. (b) Changes in the amount of disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). Symbols: filled circle, 2S1; filled square, 2S2; filled triangle, 2S3; open circle, 2S1f; open square, 2S2f; open triangle, 2S3f. All data represent the mean ± SD amounts of each disialo-biantennary N-glycans (2S1, 2S2, 2S3, 2S1f, 2S2f, and 2S3f) in 1 mL sera (*n* = 3 independent experiments performed in triplicate). (c) It shows changes in relative abundance of three disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). All symbols are the same as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b.](ao0c00935_0005){#fig5}

Disialo-glycans (2S) and monofucosylated disialo-glycans (2Sf) were resolved into four and three peaks, respectively. The structures of these glycans were determined in the same manner as indicated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Among the three disialo N-glycans, 2S2 exhibited two peaks around 31.5 min. It was assumed that these peaks represent positional isomers of O-acetylated Neu5Ac residues on different branches (*e.g*. Manα1-6 or Manα1-3 of complex-type N-glycans).

We compared the age-related changes in these six disialo-glycans and found that the amounts of all disialo-glycans increased in the serum with aging, with the increase being especially pronounced between 5 and 7 weeks. Among these six disialo-glycans, two disialo-glycans with O-acetylated Neu5Ac residues (2S2 and 2S3) markedly increased with aging ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The amounts of 2S2 and 2S3 at 3 weeks of age were 1.87 and 1.19 nmol/mL and increased to 4.55 and 3.68 nmol/mL at 15 weeks of age, respectively. Monofucosylated disialo-glycans with O-acetylated Neu5Ac residues (2S2f and 2S3f) also increased with aging, but the extent of the increase was less than those of 2S2 and 2S3. To evaluate the age-related changes in the O-acetylation of disialo-glycans, we compared the relative abundances of individual disialo-glycans with the abundance of the total disialo-glycans at different ages. The relative abundances of 2S1 and 2S3 at 3 weeks of age were 24.5 and 18.1% ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c); however, at 15 weeks, these relative abundances changed to 19.7 and 25.1%, respectively. Thus, the amounts of disialo glycans and the content of the O-acetylation of these disialo-glycans increased with aging.

Here, we focused on age-related changes in the O-acetylation of sialic acids and discussed the relationship between aging and the O-acetylation of disialo N-glycans. O-Acetylation of sialic acids bound to N-glycans may also be regulated by different core structures such as galactosyl linkage type and branching patterns. Accordingly, CE analysis with improved resolution will facilitate the understanding of O-acetylation regulation during aging in more detail.

2.3. Alteration of O-Acetylation of Sialic Acids on N-Glycans during Aging {#sec2.3}
--------------------------------------------------------------------------

Naturally occurring sialic acids can be O-acetylated at the 4-, 7-, 8-, or 9-hydroxyl positions.^[@ref26]^ To determine the molecular species of sialic acids, we analyzed sialic acid analogues released by acid hydrolysis using high-performance liquid chromatography (HPLC) ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S7). Although sulfated Neu5Ac and 7,8,9-O-acetylated Neu5Ac (Neu5,7,8,9Ac~3~) were also reported as minor components in rat serum, these sialic acids were not detected in the present study. Neu5Gc and Neu5,7(8)Ac~2~ were only a few % content of total sialic acids for all week ages. Morimoto et al. evaluated the distribution of molecular species of sialic acids in rat tissues (7--9 weeks old) using HPLC coupled with electrospray ionization mass spectrometry. Most of the sialic acid species in rat serum are Neu5Ac (45.4%) and 9-O-acetylated Neu5Ac~2~ (40.1%).^[@ref27],[@ref28]^ Other species such as 7(8)-O-acetylated Neu5Ac~2~ (6.6%) and Neu5Gc (2.7%) are present less in rat serum. The relative abundances of the molecular species of sialic acids in the present study were in accordance with those of previous reports. Subsequently, the relative abundances of the molecular species of sialic acids at 3--15 weeks of age are determined, as shown in [Table[1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Relative Abundances of Molecular Species of Sialic Acids and Their Alterations with Aging

             relative abundance (%) to total sialic acid[a](#t1fn1){ref-type="table-fn"}                                 
  ---------- ----------------------------------------------------------------------------- -------------- -------------- -------------
  3 weeks    56.4 ± 2.72                                                                   2.28 ± 0.071   4.95 ± 0.193   36.3 ± 1.13
  5 weeks    53.9 ± 1.73                                                                   2.14 ± 0.102   5.05 ± 0.106   38.6 ± 0.96
  6 weeks    52.3 ± 1.09                                                                   2.26 ± 0.107   5.07 ± 0.086   40.1 ± 1.07
  7 weeks    51.3 ± 1.23                                                                   2.21 ± 0.130   5.11 ± 0.169   41.0 ± 1.17
  10 weeks   50.3 ± 1.29                                                                   2.64 ± 0.145   5.16 ± 0.110   41.4 ± 0.88
  15 weeks   46.9 ± 1.67                                                                   2.57 ± 0.134   5.17 ± 0.099   44.4 ± 2.48

Abbreviation: Neu5Ac, *N*-acetyl-neuraminic acid; Neu5Gc, *N*-glycolyl-neuraminic acid; Neu5,9Ac, 9-*O*-acetyl-*N*-acetyl-neuraminic acid; Neu5,7(8)Ac, 7(8)-*O*-acetyl-*N*-acetyl-neuraminic acid. All data represent the mean ± SD relative abundances of Neu5A, Neu5Gc, Neu5,7(8)Ac, and Neu5,9Ac to total sialic acid (*n* = 3 independent experiments performed in triplicate).

The relative abundance of Neu5Ac was the highest at 3 weeks of age among all sialic acids, but it gradually decreased with aging. A small amount of Neu5Gc was observed at all ages, but the relative abundance did not change from 3--15 weeks of age. In contrast, the relative abundances of O-acetylated Neu5Ac (Neu5,9Ac~2~ and Neu5,7(8)Ac~2~) increased with aging. In detail, the relative abundances of Neu5,9Ac~2~ and Neu5,7(8)Ac~2~ were 36.3 and 4.95% at 3 weeks of age, and these increased to 44.4 and 5.17% at 15 week-age, respectively. Thus, it was concluded that the age-related alteration in the O-acetylation of Neu5Ac is due to the 9-O-acetylation of the Neu5Ac residue in glycoproteins.

2.4. Influence of HF Diet and FR on the O-Acetylation of Sialic Acids in N-Glycans {#sec2.4}
----------------------------------------------------------------------------------

Male Wistar rats (3 weeks of age: body weight, 49 ± 25 g) were fed with standard (SD) and HF diet for 12 weeks. The serum triglyceride (TG) level in rats fed with SD changed from 34.1 ± 11.9 to 77.9 ± 10.6 mg/dL ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S8). In contrast, the TG level in rats fed with HF diet markedly increased from 36.5 ± 13.1 to 107.5 ± 25.8 mg/dL, indicating that HF diet caused symptoms of lipid metabolism disorder in Wistar rats. The Wistar rats fed with HF diet showed a decrease in the O-acetylation of sialic acids.

Between 3 and 15 weeks of age, the total amount of disialo-glycans (the sum of 2S and 2Sf) increased from 6.28 to 12.82 nmol/mL serum with aging was similar to the increase observed in the SD group. This observation suggests that the production of glycoproteins in the liver and their secretion are not affected by the different diets. However, the age-related O-acetylation of Neu5Ac was markedly affected by the HF diet. The amounts of the disialo-glycans 2S2 and 2S3 increased only slightly with aging and their relative abundances at 15 weeks of age were 29.6 and 18.6%, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). In contrast, the amount and the relative abundance of 2S1 in the HF group increased markedly with aging ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), and it was the most abundant glycan at 15 weeks of age (4.61 nmol/mL, 35.2%). Furthermore, the elevated amount of 2S1 was maintained from 7 (3.41 nmol/mL, 32.2%) to 15 (4.51 nmol/mL, 35.2%) weeks. A decrease in the O-acetylation of Neu5Ac was also observed in the α1-6 fucosylated disialo-glycans 2S1f, 2S2f, and 2S3f ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). Thus, HF diet decreased the age-related O-acetylation of Neu5Ac.

![Influence of intake of HF diet on 9-O-acetylation of sialic acids on disialo-biantennary-glycans. (a) Electropherograms of disialo-biantennary-glycans in serum N-glycans prepared from male Wistar rats fed with HF diet. Analytical conditions are the same as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Structures 2S1--2S3 and 2S1f--2S3f are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. (b) It shows changes in the amount of disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). Symbols: filled circle, 2S1; filled square, 2S2; filled triangle, 2S3; open circle, 2S1f; open square, 2S2f; open triangle, 2S3f. All data represent the mean ± SD amounts of each disialo-biantennary N-glycan (2S1, 2S2, 2S3, 2S1f, 2S2f, and 2S3f) in 1 mL sera (*n* = 3 independent experiments performed in triplicate). (c) It shows changes in relative abundance of three disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). All symbols are the same as in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b.](ao0c00935_0006){#fig6}

To investigate the influence of FR on age-related O-acetylation of NeuAc, we analyzed the disialo-glycan profiles in FR group in the same manner described above for the HF diet. The total amount of the disialo-glycans (the sum of 2Ss and 2Sfs) increased with aging and showed a similar age-related change as observed in the SD group.

FD facilitated the age-related O-acetylation of sialic acids compared to that in the normal aging group (Wistar rats fed with SD), as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. After FR for 2 weeks (5 weeks of age), the amount of disialo-glycans with two Neu5,9Ac (2S3) residues (1.95 nmol/mL, 19.3%) markedly increased compared to that in the normal aging group (1.52 nmol/mL, 23.8%). The higher content of disialo-glycans (2S3) was maintained from 7--15 weeks. In contrast, the amount of disialo-biantennary N-glycans (2S2 and 2S3) slightly increased with aging, but the relative abundances changed barely between 7 (30.6%) and 15 (32.5%) weeks. These results indicate that age-related O-acetylation of Neu5Ac on N-glycans is influenced by FR ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Influence of FR on 9-O-acetylation of sialic acid on disialo-biantennary-glycans. (a) Electropherograms of disialo-biantennary-glycans in serum N-glycans prepared from male Wistar rats fed with SD every 2 days. Analytical conditions are the same as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Structures 2S1--2S3 and 2S1f--2S3f are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. (b) It shows changes in the amount of disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). Symbols: filled circle, 2S1; filled square, 2S2; filled triangle, 2S3; open circle, 2S1f; open square, 2S2f; open triangle, 2S3f. All data represent the mean ± SD amounts of each disialo-biantennary N-glycan (2S1, 2S2, 2S3, 2S1f, 2S2f and 2S3f) in 1 mL sera (*n* = 3 independent experiments performed in triplicate). (c) It shows changes in relative abundance of three disialo-biantennary-glycans (2S1--2S3 and 2S1f--2S3f). All symbols are the same as in figure (b).](ao0c00935_0007){#fig7}

3. Discussion {#sec3}
=============

Modifications of sialic acids are tissue-specific and developmentally regulated in a variety of systems.^[@ref17]^ O-Acetylation is one of the most frequently observed modifications of sialic acids in animals.^[@ref28]^ Although rat serum glycoproteins carry O-acetylated sialic acids, it is not known whether the regulation of O-acetylation of serum glycoproteins is affected by physiological conditions such as aging or dietary habits.

O-Acetylation of sialic acids is regulated by at least three parameters; (i) balance between O-acetyltransferases and O-acetylesterases together with substrate and cofactor availability, (ii) availability of the sialylated acceptor glycan, and (iii) availability of the acetyl group donor. Among them, O-acetyltransferases and O-acetylesterases are key determinants in the O-acetylation of serum glycoproteins because both enzyme activities are higher in the rat liver.^[@ref29]^ Furthermore, most serum glycoproteins, except γ-globulin fractions (*i.e.* IgG, IgA, IgM), are synthesized in liver cells. Therefore, age-related changes in the O-acetylation of sialic acids might reflect changes in the activities of these enzymes because of the age-related physiological status of rat liver cells. On the other hand, the extent of the O-acetylation of sialic acids is not only determined by these two enzymes but also by availability of acetyl-CoA, which is an acetyl group donor, because availability of cellular acetyl-CoA depends on physiological metabolism conditions. At present, we do not have any evidence of the regulation of the O-acetylation of sialic acids, but further studies may lead to the discovery novel pathway and machinery involved in aging.

In the present study, we primarily focused on age-related changes in the N-glycosylation and O-acetylation of sialic acid on N-glycans. As described above, the O-acetylation of sialo-glycans on serum glycoproteins seems to depend on balance between the activities of O-acetylation-related enzymes and the availability of acetyl-CoA in rat hepatic cells. Generally, the production of hepatic enzymes is easily affected by various physiological environments such as dietary habits and chronic stress. For example, the activity of the glycolytic enzyme glucokinase in hepatic cells was significantly reduced in Wistar rats fed with a low-protein diet compared with that in normally fed rats.^[@ref30]^ Also, the serum levels of hepatocyte-specific enzymes, such as alkaline phosphatase and lactate dehydrogenase, are significantly increased in rats fed with a HF diet.^[@ref31],[@ref32]^ In our studies, the total amount of N-glycans in the HF or SD group was similar, indicating that the HF diet did not influence the production of serum glycoproteins. In contrast, the O-acetylation of sialic acids markedly decreased in rats fed with the HF diet. Although the biochemical mechanisms underlying the changes in O-acetylation are not clear, we assume that the decrease in O-acetylation results from HF diet-associated changes in energy metabolism. HF diet induces hepatic enzymes such as acetyl-CoA carboxylase (ACC), which are involved in the regulation of fatty acid metabolism. ACC catalyzes the carboxylation of acetyl-CoA to produce malonyl-CoA; thus, an increase in ACC activity results in a decrease in available acetyl-CoA in hepatic cells. This finding supports our hypothesis that the decrease in O-acetylation is associated with HF diet-dependent changes in the availability of acetyl-CoA in hepatic cells. If the change in the O-acetylation of sialic acids is caused by the decrease in available acetyl-CoA, Neu5,9Ac~2~-carrying glycoproteins may be promising biomarkers for metabolic disorders.

In the present study, we also found that FR facilitates the O-acetylation of sialic acids in rats compared with that of SD group. FD has been shown to modulate various acetylation and deacetylation reactions of proteins. FR stimulates fatty acid oxidation in the liver, resulting in an increase of the \[acetyl-CoA\]/\[CoA\] ratio.^[@ref33]−[@ref35]^ FR-induced changes in the level of cellular acetyl-CoA may be an important determinant for the O-acetylation of sialic acids because acetyltransferases require acetyl-CoA as an acetyl group donor. On the other hand, FR also increases the cellular content of nicotinamide adenine dinucleotide (NAD).^[@ref36]^ Intracellular NAD content affects various acetylation and deacetylation processes of proteins.^[@ref37],[@ref38]^ FR-induced changes in cellular NAD are important determinants for protein acetylation. Although further studies are needed to determine the reasons for the FR-induced increase in the O-acetylation of sialic acids, FR-associated changes in O-acetylation may be influenced by complex mechanisms consisting of multiple factors that are involved in the acetyl-CoA and NAD metabolism pathways.

In these studies, we analyzed age-related changes in the O-acetylation of sialic acids in rat serum glycoproteins and the influence of different diets on these changes. We found that the O-acetylation of sialic acids is highly variable and sensitive indicator of changes in the internal physiological environment of hepatic cells. Although the investigations on age-related changes in the O-acetylation of sialic acids were restricted to male rats in this study, sex-dependent changes in glycosylation during aging may also occur because different types of sex hormones influence physiological activities such as metabolism, secretion, and digestion. Indeed, an N-glycan profiling study involving 265 human serum samples reported sex-dependent glycosylation changes (*i.e.*, α1-3 fucosylation, bisecting GlcNAcation, and N-glycan branching).^[@ref8]^ More extensive studies will require to reveal sex dependent O-acetylation changes and their underlying regulation mechanisms in rodents.

Interest in the O-acetylation of sialic acids is increasing because of their widespread occurrence and involvement in many cell biological and pathophysiological phenomena. For example, the 9-O-acetylation of sialic acids inhibits the recognition of nonacetylated sialic acids by hemagglutinins of influenza A and B viruses.^[@ref19]^ Expression of O-acetylated sialic acids can also alter the action of bacterial sialidases.^[@ref39]−[@ref42]^ In rats, 9-O-acetylation is primarily found on Neu5Acα2-6Galβ1-4GlcNAc sequences of N-glycans, and 9-O-acetylation of the structure in CD22 on B lymphocytes regulates the differentiation of immature B lymphocytes.^[@ref28],[@ref43]^ Thus, the 9-O-acetylation of sialic acids is capable of modulating a variety of biological processes, such as virus binding, bacterial sialidase action, tumor metastasis, and cell adhesion. An increase in O-acetylation during aging might indicate the acquisition of various biological functions required for normal aging because 9-O-acetylation is involved in host defense against pathogens, the development of the nervous system, and escape from unfavorable interactions, such as virus binding or tumor metastasis.

4. Conclusions {#sec4}
==============

In this study, we performed a comprehensive analysis of age-related changes in the serum N-glycans of male Wistar rat and obtained the following three findings: (i) the total amount of disialo-biantennary N-glycans modified with Neu5,9Ac residues significantly increases with aging, (ii) the intake of HF diet decreased the O-acetylation of sialic acids in serum glycoproteins, and (iii) FR facilitated the O-acetylation of sialic acids. These findings suggest that the O-acetylation of sialic acids is closely related to changes in energy metabolism such as glycolysis or fatty acid metabolism, and the effects of aging and food intake on O-acetylation should be considered in future *in vivo* glycobiological studies.

5. Experimental Section {#sec5}
=======================

5.1. Reagents {#sec5.1}
-------------

*N*-Glycoamidase F (PNGaseF) was obtained from Roche Diagnostics (Minato-ku, Tokyo, Japan). The ultrafiltration membrane (MWCO: 3000 Da) was purchased from Sartorius Mechatronics (Shinagawa-ku, Tokyo, Japan). The fused silica capillary (100 μm i.d.) was obtained from Agilent Technologies (Santa Clara, CA, USA). COSMOSIL 5C18-PAQ (4.6 mm I.D. × 150 mm) was obtained from Nacalai Tesque (Nakagyo-ku, Kyoto, Japan). Other reagents and solvents were of the highest grade and were commercially available.

5.2. Animals {#sec5.2}
------------

Male Wistar rats (clean grade; Japan SLC Inc., Shizuoka, Japan) were used throughout the study. All experimental procedures were approved by the Institutional Committee for the Care and Use of Laboratory Animals (KAPS-20-040, Kindai Univeristy). The animals were maintained at 22 °C under a 12:12 h light--dark cycle with free access to water. In the standard diet group (SD group), 3 week-old rats were fed a standard diet (Oriental Yeast Co., Tokyo, Japan) containing 23.6% proteins, 5.3% fat, and 71.0% carbohydrates for one to 12 weeks. The HF diet group (HF group) was maintained in a manner similar to a HF diet containing 18.6% proteins, 12.0% fat, and 69.3% carbohydrates (TestDiet, Richmond, IN, USA). Food consumption of the FR group was about 50--60% of that of the SD group. Three male rats of each age group were analyzed for age-related changes at different ages (3, 4, 5, 6, 7, 10, and 15 weeks), and blood samples were collected under anesthesia with intraperitoneal urethane at 1.5 g/kg. Sera were separated and stored at −80 °C until use.

5.3. Whole Glycoproteins from a Rat Serum Sample {#sec5.3}
------------------------------------------------

A serum sample (100 μL) was filtered through an ultrafiltration membrane (MWCO: 3000 Da, 1.5 mL volume tube) to remove low-molecular weight materials and inorganic salts. After the retentate was recovered, the filter membrane was washed with 100 μL of distilled water, and the filtrate was filtered again. Both retentates were combined and lyophilized to dryness. The lyophilized material was dissolved in water (100 μL) and mixed with acetone solution (1.5 mL) containing 5% acetic acid, 5% triethylamine, and 5% water. After keeping the mixture at −20 °C for 1 h, it was centrifuged at 12,000*g* for 15 min, and the supernatant was discarded. The precipitate was washed with 75% ethanol (1 mL) three times and dried *in vacuo*.

5.4. N-Glycans from the Whole Glycoprotein Pool {#sec5.4}
-----------------------------------------------

The whole glycoprotein pool (100 μL as serum) obtained as described above was suspended in a solution (80 μL) containing 1% sodium dodecyl sulfate and 1% 2-mercaptoethanol. The mixture was kept in a boiling water bath for 10 min. After cooling, an aqueous solution of 10% NP-40 (48 μL) and 0.3 M phosphate buffer (pH 7.5, 58 μL) were added to the mixture. After addition of PNGase F (1 unit/4 μL), the mixture was incubated at 37 °C for 24 h. After keeping the mixture in the boiling water bath for 5 min, the mixture was mixed with 600 μL of 95% ethanol. After centrifugation at 12,000*g* for 15 min, the supernatant (N-glycans) was collected and lyophilized to dryness using a centrifugal evaporator.

5.5. Preparation of 2AA-Labeled N-Glycans {#sec5.5}
-----------------------------------------

Released N-glycans (100 μL as serum) was dissolved in 2AA (200 μL) solution, which was prepared by dissolution of 2AA (30 mg) and sodium cyanoborohydride (30 mg) in methanol (1 mL) containing 4% sodium acetate and 2% boric acid, and then, 5 μL of IS solution (NeuAcα2-3Galβ1-4Glc, 5 pmol) was added to the mixture. The mixture was maintained at 80 °C for 60 min. After the addition of distilled water (200 μL), the mixture was applied to a column of Sephadex LH-20 (1.0 cm i.d., length of 30 cm) equilibrated with 50% aqueous methanol. The earlier eluted fluorescent fractions (ex 340 nm, em 410 nm) were collected and evaporated to dryness. The lyophilized 2AA glycans were dissolved in 200 μL of Milli-Q water, and a portion was used for quantitative analysis.

5.6. Capillary Electrophoresis {#sec5.6}
------------------------------

CE was performed on an MDQ Glycoprotein System (Beckman Coulter) equipped with a helium--cadmium laser induced fluorescence detector (ex. 325 nm and em. 405 nm) using a DB-1 capillary (100 μm i.d., effective length of 20 cm, total length of 30 cm, Agilent Technologies). The sample solution (5 μL) containing 2AA-labeled N-glycans (corresponding to 2.5 μL of serum) was introduced to the capillary by the pressure method (1.0 psi, 10 s). Separation was performed at 25 °C at an applied voltage of −25 kV (reverse polarity) using 50 mM Tris-borate buffer (pH 8.3) containing 10% polyethylene glycol 70,000 as the electrolyte. We also used a longer capillary (100 μm i.d., effective length of 60 cm, total length of 70 cm) to increase the resolution operated at −30 kV. Other analytical conditions were the same as described earlier when a 20 cm capillary was used. All electropherograms were analyzed using 32 Karat Software (Beckman Coulter), and peak areas were calculated by setting appropriate integration parameters. In the analysis of the alteration in the O-acetylation of sialic acids on N-glycans, automatic peak integration settings (*i.e.*, integration range: 30--34 min, baseline type: vertical division, other settings: default) were used to calculate the peak areas of the six disialo-biantennary glycans. In analysis of the alteration in the amount of N-glycans, multiple peaks including the same number of sialic acid residues were treated as one peak group. During this quantitative analysis, the peak areas corresponding to N-glycans were corrected by the peak area of IS. The corrected peak areas were applied to the calibration curve obtained from IS solutions (*n* = 3, range from to 500 pmol/200 μL), and the amounts of individual N-glycans in serum were calculated.

5.7. Serotonin-Affinity Chromatography for Group Separation of N-Glycans Based on the Number of Sialic Acid Residues {#sec5.7}
--------------------------------------------------------------------------------------------------------------------

The N-glycan pool (corresponding to 50 μL of serum) obtained from male rat serum as was separated based on the number of sialic acid residues using a serotonin-immobilized column; the procedure is described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf).^[@ref44]^ Five fractions (0S, 1S, 2S, 3S, and 4S) were collected, lyophilized to dryness, and analyzed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (the procedure is described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf)).

5.8. Separation of Disialo-Biantennary N-Glycans on a Silica-Based ODS Column {#sec5.8}
-----------------------------------------------------------------------------

Separation was performed on an ODS column (Cosmosil 5C18-PAQ, 4.6 mm i.d. × 150 mm length, Nakalai Tesque, Nakagyo-ku, Kyoto, Japan) using a Jasco HPLC apparatus equipped with a Jasco FP-920 fluorescence detector. Peaks were detected at 410 nm upon excitation at 340 nm. Elution was performed with a linear gradient using 15% acetonitrile in 0.025% acetic acid/1 mM tributylamine water as solvent A and 80% acetonitrile (in the same solution) as solvent B. The column was initially equilibrated and eluted with 3% solvent B for 2 min, and then, a linear gradient elution was performed with 60% of solvent B for 80 min. Peaks were collected and lyophilized to dryness. For the separation of disialo-biantennary N-glycans, the glycans fractionated by serotonin affinity chromatography were injected onto a C18 column. Three peaks (A, B, and C) were collected and reconstituted in 50 μL of distilled water. The solutions were then used for CE-based analysis and were subjected to MALDI-TOF MS analysis.

5.9. Analysis of Molecular Species of Sialic Acids in Total N-Glycans Derived from Male Wistar Rat Serum {#sec5.9}
--------------------------------------------------------------------------------------------------------

Sialic acids at the nonreducing termini of N-glycans were analyzed after hydrolysis with acetic acid followed by derivatization with 1,2-diamino-4,5-methylenedioxybenzene according to the method reported previously (the procedure is described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf)).^[@ref27],[@ref28]^ The relative abundances of four sialic acid species (Neu5Gc, Neu5Ac, Neu5,7(8)Ac, and Neu5,9Ac) were calculated from their relative peak areas ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf) Figure S7).

5.10. Data Collection and Analyses {#sec5.10}
----------------------------------

A series of sample preparations (whole glycoproteins, whole N-glycans, and fluorescent-labeled N-glycans preparations) and CE-laser-induced-fluorescence analysis were performed in triplicate. The mean of three measurements was used as the representative values for each individual serum sample. The means of the N-glycan amounts in each group at each age were calculated from three independent animals. Data are expressed as mean ± SD from three independent experiments.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00935](https://pubs.acs.org/doi/10.1021/acsomega.0c00935?goto=supporting-info).Additional materials and methods; MALDI-TOF MS analysis of N-glycans fractionated by serotonin-affinity chromatography, peak assignment of N-glycans fractionated by serotonin affinity chromatography on a CE electropherogram, digestion of whole N-glycans with jack bean α-mannosidase, MALDI-TOF MS analysis of disialo N-glycans fractionated by an ODS column, digestion of asialo N-glycans with α-[l]{.smallcaps}-fucosidase, digestion of asialo N-glycans with β1-3 galactosidase, and changes in molecular species of sialic acids on N-glycans with aging, changes in serum TG levels with aging; and list of N-glycans observed in Wistar rat serum ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00935/suppl_file/ao0c00935_si_001.pdf))
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